Recombinant baculoviruses have been extensively used as vectors for abundant expression of a large variety of foreign proteins in insect cell cultures. The appeal of the system lies essentially in easy cloning techniques and virus propagation combined with the eukaryotic posttranslational modification machinery of the insect cell. Recently, a novel molecular biology tool was established by the development of baculovirus surface display, using different strategies for presentation of foreign peptides and proteins on the surface of budded virions. This eukaryotic display system enables presentation of large complex proteins on the surface of baculovirus particles and has thereby become a versatile system in molecular biology. Surface display strategies play an important role, as they may be used to enhance the efficiency and specificity of viral binding and entry to mammalian cells. In addition, baculovirus surface display vectors have been engineered to contain mammalian promoter elements designed for gene delivery both in vitro and in vivo. Moreover, baculovirus capsid display has recently been developed; this holds promise for intracellular targeting of the viral capsid and subsequent cytosolic delivery of desired protein moieties. Finally, the viruses can accommodate large insertions of foreign DNA and replicate only in insect cells. Together, these are attributes that are very likely to make them important tools in functional genomics and proteomics.
Display of foreign proteins or peptides on the surface of various virus particles has been valuable in a number of areas within life sciences, ranging from basic research such as protein structure-function studies to diagnostics and gene therapy. The greatest usage of such technology has so far been in phage display, where the peptide or protein is fused to a coat protein of filamentous bacteriophages. 1, 2 One of the most successful examples of display technology is the isolation of antibodies from large combinatorial libraries displayed on the surface of the bacteriophages. 3 Such antibodieswhich recognise, for example, cellspecific membrane molecules -are powerful tools for a range of applications in both basic research and clinical studies. 4 The versatile principle of phage display is based on the direct physical linkage between genotype and phenotype. This linkage enables the selection of basically any protein with the desired characteristics, such as increased binding affinity 5 or improved catalytic properties from a suitable display library. 6 Phage display comprises some severe limitations imposed by expression in the bacterial host, however, for example when large complex eukaryotic proteins that require glycosylation or particular protein folding are under study. Therefore, an efficient viral display technology would be extremely useful for studying proteins that require post-translational modifications present only in eukaryotic cells (ie a eukaryotic viral display system).
Over the past few years, the ability to present large complex glycoproteins on the surface of Autographa californica multiple nucleopolyhedrovirus (AcMNPV), baculovirus display, has been developed into a versatile system in molecular biology. [7] [8] [9] [10] [11] [12] Expression of proteins or peptides on the baculoviral surface, or more recently also on the viral capsid (Kukkonen et al., unpublished), without compromising replication in insect cells, has shown to be useful for important applications, both in vivo and in vitro.
Baculoviruses (Baculoviridae) are large double-stranded DNA (dsDNA) viruses that replicate only in arthropods, mainly in insects. 13 The family is divided into two genera, the nucleopolyhedroviruses (NPVs) and the granuloviruses (GVs). They all have a rod-shaped nucleocapsid of 30-300 nm in size. Both genera can produce either intracellular (occlusion derived virus; ODV) or extracellular (budded virus; BV) viral progeny. The ODVs transmit infections from insect to insect, whereas the BVs spread the infection from cell to cell within an infected insect. 14 The prototype baculovirus, AcMNPV, has a circular dsDNA genome (134 kb) and a rod-shaped nucleocapsid ($25 3 260 nm). 13 AcMNPV was developed into a eukaryotic protein expression system during the early 1980s 15, 16 and has since been widely used for abundant expression of heterologous proteins in insect cell cultures. 17, 18 As a result, the AcMNPV has become well characterised, including determination of the complete DNA sequence of the viral genome, 19 and the applicational field of the baculovirusinsect cell system has expanded considerably. Metabolic engineering has served to improve insect cells as an expression system for, for example, Nlinked glycosylated proteins 20 and for secreted immunoglobulin G proteins. 21 The major envelope glycoprotein of AcMNPV is generally known as gp64 or, alternatively, gp67. The corresponding gene encodes a type I integral membrane glycoprotein with an amino-terminal signal sequence and a carboxy-proximal transmembrane domain. 22 The gp64 protein occurs on the viral particle as a disulphide-linked oligomer, most likely a trimer, 23 and is responsible for viral cell entry mediated by acid-triggered membrane fusion. 24 Structural studies on the gp64 protein have identified separate domains responsible for oligomer formation and membrane fusion. 24 These structural characteristics of gp64 make it a good candidate as a presentation platform for the development of a eukaryotic-based viral surface display system.
In parallel with their use for surface display purposes, baculoviruses were found to enter certain mammalian cell lines efficiently, [25] [26] [27] [28] offering unique opportunities in gene delivery. Modification of viral surface structures by display techniques has enabled the use of baculovirus for enhanced targeting to mammalian cells in vitro.
12 Based on the fact that surface display may interfere with baculovirus infectivity, and that molecules which are displayed on the baculovirus envelope end up in the lysosomes of the mammalian cell and subsequent acidinduced fusion of the viral envelope in the endosomes, 29, 30 an approach for display of foreign protein moieties on the capsid of AcMNPV was recently developed (Kukkonen et al., unpublished). This system allows for presentation of desired proteins as fusions with the baculovirus major capsid protein vp39. 31 By contrast, molecules displayed on the baculovirus capsid should escape endosomes and thereby follow the capsid through the cytoplasm into the nucleus of transduced mammalian cells. Ideally, capsid display should thus enable transfer of functional molecules into the cytoplasm and/or the nucleus of the target cells.
Baculoviruses can accommodate large DNA insertions and grow to high titres,
Baculovirus surface and capsid display
The characteristics of baculoviruses The baculovirus expression vector system making them satisfactory for the generation of display libraries representing a variety of complex proteins, such as cell surface receptors, viral glycoproteins, ion channels or enzyme complexes, in a stable and functional form. In addition, the regulatory genes evolved solely in insect cells are transcriptionally silent in mammalian cells, making the virus safe, with low or no pathogenic potential. Together, these features make the baculoviruses attractive as eukaryotic tools for functional genomics and proteomics and thereby potentially valuable in both basic research and applied biomedical applications such as gene therapy.
BACULOVIRAL DISPLAY: CLONING STRATEGIES Gp64 as a fusion partner for baculovirus surface display
For the purpose of displaying foreign proteins on the surface of baculovirus particles, as well as on infected insect cells, gp64 can serve as a fusion partner that, together with the chosen target protein, becomes incorporated into budded virions ( Figure 1A ). In the first report, a vector was designed in which foreign open reading frames were fused to the complete gp64 coding sequence. 7 The foreign genes were cloned into a vector providing N-terminal fusion with the gp64 signal peptide and C-terminal fusion with the complete gp64. It was demonstrated that the glutathione-Stransferase-gp64 and gp120-gp64 fusion proteins were presented on the surface of baculovirus particles. The virally incorporated gp120 of human immunodeficiency virus (HIV)-1 had retained its biological activity as it bound to its ligand, CD4, on the surface of the recombinant virions. 7 These findings clearly indicated that large, complex proteins could be displayed on the surface of baculovirus particles in a functional form. The mechanism of incorporation into the viral particle was further proposed to be due to oligomerisation of the fusion construct with wild-type gp64. 7 Similarly, other proteins such as the HIV-1 envelope protein gp41, 8 as well as the green fluorescent protein (GFP) and the envelope glycoproteins E1 and E2 of rubella virus, 9 were successfully displayed on the surface of baculovirus particles. In the latter case, however, the signal sequence of a GluR-D glutamate receptor was employed for translocation and the FLAG epitope for immunological detection. Various other proteins have since been exposed on the surface of both baculovirus virions and infected insect cells using similar or identical strategies. For example, enhanced antigenicity was achieved through presentation of some antigenic sites of the foot-and-mouth disease virus on the baculovirus surface. 32 Similarly, baculovirus surface display of the Theileria parva p67 antigen has recently been demonstrated to preserve the conformation of sporozoite-neutralising epitopes. 33 Furthermore, enhanced specificity of baculovirus binding to mammalian cells has been achieved through fusion of synthetic immunoglobulin binding domains to gp64, or by utilising single-chain antibody fragments in a similar manner.
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Peptide insertions into the native gp64
In contrast to expressing a second copy of gp64 fused to a target protein, peptides can be directly engineered into the native gp64 of AcMNPV in order to increase the avidity of the displayed target ( Figure 1B) . When the native gp64 envelope protein is being manipulated, however, no wildtype gp64 exists in order to guarantee functional fusion and virus budding, therefore, insertion sites within the gp64 for foreign fragments must be chosen carefully. So far, only small peptides have been inserted into the native gp64, the maximum size being 23 amino acids. 34, 35 Whenever entire proteins, such as GFP, were inserted, virus budding decreased drastically (Spenger et al., unpublished) , and titres similar to those of gp64-deletion mutants were achieved. 36 By comparing different positions within the gp64 sequence using specific antibody epitopes, it was found that the surface probability of the inserted peptide strongly depends on the position, structural framework and the adjacent amino acids. The position not only affects the viral growth characteristics, but also the actual presentation of the epitope is influenced by the structure flanking the corresponding target peptide. 35 Insertion of a six amino acid peptide at several positions within the gp64 gene still yielded infectious virus particles, although different growth rates were observed, resulting in varying viral titres. None of the positions tested within the N-terminal portion (amino acids 1-148), however, allowed for generation of virus progeny. In addition to the oligomerisation domain and fusion domain, 24 the N-terminal part of the protein obviously also contains essential structural or sequential motifs that are more sensitive to changes than the rest of the protein.
Baculovirus display libraries
By evaluating the binding capacity of the inserted epitopes to their specific antibody, further differences in peptide presentation, gp64 incorporation rates into the budded virus and viral infectivity were revealed. Positions 274 and 283 seem to be located on the surface of the gp64, but insertions into position 274 lowered viral titres ten-fold. Position 274 itself appeared not to be a sequential requirement, but its alteration definitely influenced the structure of the protein. 35 The three-dimensional (3-D) structure of gp64 would be of great value for further development of display strategies based on insertions into the native envelope protein of AcMNPV.
Alternative baculovirus surface display strategies
The baculovirus system offers great potential as a eukaryotic surface display system, since the post-translational modification of the recombinant proteins is efficient and high transfection rates can be reached. These features are important for the generation of efficient surface display libraries. 37 The principal applications of such strategies are ligand screening of surface expression libraries, for example epitope mapping, antigen display for induction of specific antibodies 38 and presentation of proteins that increase binding to mammalian host cells. 10 When target proteins are being fused to the entire gp64 and co-expressed with wild-type gp64, display on the surface of infected insect cells, as well as incorporation of the fusion construct into the virion, is highly dependent on the properties of the target protein.
Incorporation of the fusion protein onto the viral surface usually represents only a small proportion of the total fusion protein present on the cell surface. In addition, the levels of fusion protein incorporated into the viral particle may be far below those of wild-type gp64, depending on the size of the target. 39 Generally, the shorter the target, the better the incorporation into the viral envelope.
Different promoters for the gp64 fusion protein have been evaluated for their feasibility to increase incorporation rates and avidity of the protein to be displayed. It turned out that the use of early promoters resulted in more complete post-translational processing of, for example, complex glycoproteins; however, the level of fusion protein detected on the surface of cells and virus particles was significantly enhanced when the strong, very late polyhedrin promoter was used. 8 High concentrations of the target protein are required on the cell surface in order to reach a signal-to-noise ratio that allows cell sorting to be performed by fluorescence-activated cell sorting, which, at the moment, is the only practical technique for selecting specific clones from baculovirus surface display libraries. 40 As an alternative to using either the entire gp64 or portions of gp64 protein as the scaffold for protein presentation, the coat protein of a different virus, vesicular stomatitis virus (VSV), or its membrane anchor domain, has also been evaluated. 41 Interestingly, it
Insertion sites within gp64
Alteration of viral progeny
Usage of the VSVG transmembrane anchor was shown that by using this strategy, incorporation of the foreign protein moiety (GFP) was extremely high ( Figure  1C ). Similar observations have also been made with other target proteins, such as the synthetic immunoglobulin binding domains of protein A (Ojala et al., unpublished). The avidity of the display virus increased significantly, without putting a direct limit on the size of the target gene. In the latter cases, wild-type gp64 was still expressed in order to maintain efficient infectivity and, thereby, high viral titres.
Baculovirus capsid display
The 3-D structure of the AcMNPV capsid has not been solved, but p24, vp39, and p80 are known capsid components. 42 Of these, vp39 represents the major component of the capsid structure with a random distribution over the capsid surface. No structural motifs for association with molecules in the nuclei or for capsid assembly have been identified within the vp39 sequence. 43, 44 vp39 has been found to associate with actin polymerisation during entry into the cytoplasm and the nucleus of infected insect cells, however. 45, 46 Thus, vp39 comprises a good candidate to anchor desired proteins onto the surface of the AcMNPV capsid ( Figure 1D) .
A proof of principle for baculovirus capsid display (BCD) was attained by preparing enhanced green fluorescent protein (EGFP)-displaying viruses in insect cells by using a pBACcap-1 transfer plasmid, which enables fusion of the desired protein entity with either the Nor the C-terminus of vp39. A high concentration of EGFP-vp39 fusion proteins was incorporated into the capsid structure, as revealed by electron microscopy using purified virus particles. The high level of EGFP incorporation into the capsids was also evident by pronounced emission of green colour from the light-exposed virus samples. Notably, both termini of vp39 were amenable for capsid display and the infectivity of the viral progeny was not compromised (Kukkonen et al., unpublished).
The overall success rate for capsid display has been very good. Interestingly, the system seems also to be compatible with oligomeric proteins. A general compatibility with complex proteins would be a valuable feature, since, in contrast to peptides, complex proteins do not perform well in many of the existing display systems. 47, 48 The fact that the AcMNPV capsid seem also to cope well with oligomeric proteins is most likely to be because of the known flexibility of the capsid structure (it can extend freely) and that fusions to both termini of vp39 are tolerated 31 (Kukkonen et al., unpublished). The BCD system holds promise for many applications within life sciences. For example, the fluorescent capsid display virus has proved to be a useful tool for probing baculovirus entry and transport in both insect and vertebrate cells (Kukkonen et al., unpublished). Moreover, initial results with other proteins and peptides suggest that BCD may provide a new potential eukaryotic system for presentation of any desired molecule.
In nature, baculoviruses infect only insect cells. However, efficient baculovirus-mediated gene delivery into vertebrate cells in vitro and in vivo is also feasible whenever the transgene is delivered together with a promoter active in the target cell. 49 Indeed, AcMNPV provides a promising new vector for gene therapy. 50 In this context, the BCD system may prove to be useful by allowing tagging of the baculovirus capsid with molecules beneficial for capsid entry into the cytoplasm and nuclear transport. Baculovirus entry into cells seems to be a general phenomenon, but capsid transport into the nucleus occurs efficiently only in some cell types. 51 Moreover, from the therapeutic point of view, the BCD system may enable cytosolic delivery of therapeutic proteins in order to achieve the desired therapeutic effects, in analogy to current protein transduction methods. 52 Thus, the BCD system offers a simple tool with which to study virus entry mechanisms and intracellular trafficking in vertebrate cells, as well as infection mechanisms in insect cells. In addition, this system provides a novel tool to expand the baculovirus targeting possibilities at the intracellular level, as well as to enhance the display of complex peptides and proteins.
BACULOVIRAL DISPLAY: APPLICATIONS
One experimental demonstration of the feasibility of using the baculovirus display approach for screening expression libraries has been described by Ernst et al. 40 A specific epitope (HIV gp41 derived) was expressed in association with haemagglutinin (influenza A virus) and displayed in the form of a library in which each clone contained different amino acids adjacent to the epitope. The purpose of this experiment was to alter the structural environment such that the epitope would be presented in the most accessible way, thereby increasing the binding capacity of the cognate monoclonal antibody. Screening of this library, which consisted of 8,000 variants, by fluorescence-activated cell sorting identified a single baculovirus clone which showed increased specific binding capacity. 40 Similarly, display libraries have been constructed for epitope mapping, displaying overlapping fragments of, for example, HIV-1-derived gp120 (Toellner et al., unpublished). Lindley et al., 38 have demonstrated another important application: antigen display for induction of the in vivo immune response. Their objectives were to raise monoclonal antibodies against HIV-1-derived gp120 in mice, and for this purpose they used baculovirus to present the antigen to the immune system. Their results were successful in clearly showing that this system is suitable for in vivo applications such as the stimulation of the mammalian immune system; thus it becomes feasible for vaccine design. Since wild-type AcMNPV is inactivated by the mammalian complement system, strategies have been developed to display the complement-regulator, decay accelerating factor, on the viral surface; this resulted in complement-resistant baculovirus vector variants that were more stable in vivo. 53 An interesting potential of this eukaryotic display system would be within drug development. The fact that complex proteins can be presented in a properly folded manner should provide an attractive strategy for screening of functional ligands, for example to cellular receptors.
Besides the fact that baculoviruses provide valuable display tools, they are also considered as an attractive gene delivery vehicle for mammalian cells. Experiments have shown that many different mammalian cell lines can be transduced by budded baculovirus, 49 although transduction efficiency varies between cell lines. To overcome this problem, proteins and peptides that bind to mammalian cell membranes, and which have been shown to mediate cellular uptake, have been incorporated into baculovirus particles via gp64 modification. 10, 12 Modifications of the major capsid protein vp39 hold promise for the intracellular targeting of the virus capsid, thereby further improving the general strategy to deliver target genes by baculovirus transfer vectors into vertebrate cells and animals. In addition, this strategy may enable cytosolic delivery of desired proteins, synthesised in insect cells as capsid fusions during virus production, as an alternative to current protein transduction techniques. It is tempting to speculate that, by modifying the envelope of AcMNPV with a desired cell or tissue targeting moiety and the capsid with an intracellular targeting moiety, specific binding and entry followed by efficient transduction of the target cells might be achieved.
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